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We examine the shot noise spectrum properties of coherent resonant tunneling in coupled quantum 
dots in both series and parallel arrangements by means of quantum rate equations and MacDonald's 
formula. Our results show that, for a series-CQD with a relatively high dot-dot hopping f2, fl/T > 1 
(F denotes the dot-lead tunnel-coupling strength), the noise spectrum exhibits a dip at the Rabi 
frequency, 2fl, in the case of noninteracting electrons, but the dip is supplanted by a peak in the 
case of strong Coulomb repulsion; furthermore, it becomes a dip again for a completely symmetric 
parallel-CQD by tuning enclosed magnetic-flux. 
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I. INTRODUCTION 



The study of current noise through a quantum dot 
(QD) has recently become an emerging topic of interest in 
mesoscopic physics, because measurements of shot noise 
can yield more information about the microscopic mech- 
anisms of transport than can conductance measurements 
alonei^ In particular, finite-frequency noise provides di- 
rect access to the intrinsic dynamics of a mesoscopic sys- 
tem. For example, it has been reported that coherent 
intrinsic Rabi oscillations in coupled QDs (CQD) causes 
a dip at the Rabi frequency in the noise spectrum JLd£JL 
On the contrary, a peak at the Zeeman frequency in the 
noise spectrum has been addressed for the coherent mag- 
netotransport through an interacting QD with Zeeman- 
splitting levelsi 7 - Later, the authors have analyzed further 
the role of Coulomb interaction in the magnetotransport 
through a QD and pointed out that the noise spectrum 
indeed exhibits a peak at the Zeeman frequency in the 
regime of Coulomb blockade, but it becomes a dip for 
noninteracting electrons. 8 So it is natural to ask what 
will happen in the noise spectrum of a CQD if the in- 
tcrdot Coulomb interaction is taken into account. This 
constitutes the first purpose of the present paper. 

On the other hand, coherent tunneling through a CQD 
in a parallel arrangement between two electrodes is quite 
interesting and has attracted numerous investigations be- 
cause both interdot coherence and also quantum interfer- 
ence between two distinct magnetic-flux pathways play 
an important role in determining the transport proper- 
ties of this system^ll^l^l^^ The interference 
pattern can be changed from destructive to constructive 
by tuning the magnetic-flux piercing the enclosed two 
pathways. Even though it has been reported that the 
interference effect produces a peak or a dip in the noise 
spectrum of a QD with two energy levels, depending on 
the relative phase of the two levels carrying the current^ 
yet it is not quite clear about the combination of the in- 



terdot Coulomb repulsion and interference effect, which 
is the second purpose of our studies. 

In this paper, we analyze finite-frequency shot noise of 
first-order coherent tunneling through a CQD in both se- 
ries and parallel configurations using quantum rate equa- 
tions (QREs) and MacDonald's formula. In Sec. II, we 
introduce the model Hamiltonian of the system under in- 
vestigation. In the following two sections, we consider the 
two cases of noninteracting electrons and interacting elec- 
trons respectively. In these sections, we discuss the re- 
spective number-resolved QREs for describing first-order 
resonant tunneling at extremely high bias-voltage, which 
can be obtained from our previous derivation ^ 7 ' 19 Then 
we apply MacDonald's scheme to calculate the tunnel- 
ing current and its noise spectrum^^ In particular, we 
derive explicit analytical expressions for the noise spec- 
trum and charge fluctuation spectrum of a series-CQD 
and a completely symmetric parallel-CQD. In Sec. V, we 
present numerical calculations and point out how strong 
Coulomb repulsion and quantum interference influence 
the noise spectrum. We find that the noise spectrum 
exhibits a dip at the Rabi frequency for a noninteract- 
ing series-CQD with large dot-dot hopping strength, but 
the dip is supplanted by a peak in the case of strong 
Coulomb repulsion. As the coupling strength of the addi- 
tional path branch is increased, the Coulomb interaction- 
induced peak in the noise spectrum gradually becomes a 
Fano-type peak, and finally emerges as a dip in the case 
of nonzero enclosed magnetic-flux. Sec. VI summaries 
our conclusions. 



II. MODEL HAMILTONIAN 

The Hamiltonian of the parallel-CQD interferometer 
connected to two normal leads is written as 



H = Hr+H» + Br 



H 7 
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with 



H„ — 



E 



£ '7ka r( k a ?7k' 



(2) 



following, we employ MacDonald's formula, in conjunc- 
tion with the number-resolved QREs, to evaluate the 
noise spectrum of coherent resonant tunneling in a CQD. 
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where a k (a^k) is the creation (annihilation) operator 
of an electron with momentum k, and energy e^k in lead 
rj(= L, R), and cj (cj) is the creation (annihilation) oper- 
ator for a spinless electron with energy £j in the jth QD 
(j = 1,2). su2) — ed±S, with S being the bare mismatch 
between the two bare levels. U represents the interdot 
Coulomb interaction, and Q denotes hopping strength 
between the two QDs. V V j represents the tunneling ma- 
trix element between lead rj and dot j, and is assumed 
to be real and independent of energy. In this paper, we 
assume Vli = Vr 2 and Vl2 = Vm. The factor e ±lip / 4 is 
the accumulated Peierls phase due to the magnetic-flux $ 
(tp = 27r<I>/<I>o, ^o = hc/e is the magnetic-flux quantum) 
which penetrates the area enclosed by the two tunneling 
pathways of the Aharonov-Bohm (AB) interferometer. 
Such a QD AB interferometer has been realized in recent 
experiments ^ 10 ' 11 Furthermore, we assume the two elec- 
trodes to be Markovian stationary reservoirs with a flat 
density of states g. 

In this couplcd-QD (CQD) system, there are a total of 
four possible states for the present system: (1) the whole 
system is empty, 1 0} 1 1 0) 2 , and its energy is zero; (2) the 
first QD is singly occupied by an electron, |l)i|0) 2 , and 
its energy is E\\ (3) the second QD is singly occupied, 
|0)i|l)2, and its energy is £ 2 ; and (4) both QDs are oc- 
cupied, I l)i 1 1)2, and its energy is E\ +E2 + U. Of course, 
if the interdot Coulomb repulsion is assumed to be infi- 
nite, the double-occupation is prohibited. Therefore, as 
far as the four possible single electronic states are con- 
sidered as the basis, the density-matrix elements are ex- 
pressed as p o = |0)i|0) 22 (0|i(0|, pn = |l)i|0) 22 (0|i(l|, 
P22 = |0)i|l) 22 (l|i(0|, p dd = |l)i|l) 22 (l|i(l|, and Pl2 = 
1 1) 1 1 0) 2 2 ( 1 1 x (0 1 . The statistical expectation values of the 
diagonal elements of the density-matrix, poo = (poo)i 
Pjj = (Pjj) (J = M), and Pdd = (pdd) describe the 
occupation probabilities of the electronic levels for the 
system being empty, singly occupied in the jth QD by an 
electron, or doubly occupied in both QDs, respectively. 
The off-diagonal term pi 2 = (pi 2 ) describes the coherent 
superposition of two electronic single occupation states, 
|l)i|0) 2 and |Q)i|l) 2 . 

In the limit of sufficiently large bias- voltage [V ^> T, V 
(the tunnel-coupling strengths between dots and leads, 
which arc defined below), and f2], electronic tunneling 
through this system in the first-order approximation can 
be described by recently derived QREs for the dynamic 
evolution of the reduced density matrix elements of the 

CQD, p ab {t) (a,b = {0,1,2,^)^^22,23,24 In the 



III. CQD IN THE CASE OF EXTREMELY 
LARGE BIAS- VOLTAGE AND NO INTERDOT 
COULOMB REPULSION 

First, we consider the absence of interdot Coulomb re- 
pulsion, U = 0, in the case of extremely large bias- voltage 
and zero temperature. Throughout, we will use units 
with h = kn = e = 1. 



A. Number-resolved QREs 

In the discussion of frequency-dependent current noise 
in the CQD interferometer, we employ MacDonald's for- 
mula for shot noise^ - based on the number-resolved ver- 
sion of the QREs, in accordance with the number of 
achieved tunneling events.— We introduce the number- 
resolved density matrices p^{t) (a, b — {0, 1, 2, d}), rep- 
resenting the probability that the system is in the elec- 
tronic state I a) (a = 6), or in the quantum superposition 
state (a 7^ b), at time t together with n electrons enter- 
ing into the left lead due to tunneling events. Obviously, 

Pab(t) — J2 n Pab(t) and the associated number-resolved 
QREs in the case of extremely large bias- voltage and zero 
temperature are: 
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together with the normalization relation poo + P11 + 
P22 + Pdd = 1- The adjoint equation of Eq. (|5"ej) gives 
the equation of motion for pt^ . The constant parame- 
ters T = 2?:Q L \V LliR2) \ 2 and V = 2irg L \V L2{m} \ 2 rep- 
resent the strengths of tunnel- couplings between dots 
and leads; V / TT' describes the interference in tunnel- 
ing events arising from different pathways. From these 
number-resolved QREs, we can readily deduce the usual 
QREs for the reduced density matrix elements, p(t) = 



3 



(Poo, Pn,p22, Pdd, P12, P2i) T , as: 

p(t)=M P (t), 



where M. can be easily read from Eqs. (|5a[) - (|5e|) as 
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The current flowing through the system can be evalu- 
ated as the time rate of change of electron number in the 
right lead 



I R (t) = N R (t) = -J2nP {n Ht), 



(8) 



where 



P {n) it) = P® (t) + P^ (t) + (t) + p% (t) (9) 

is the total probability of transferring n electrons into the 
right lead by time t. From the number-resolved QREs, 
Eqs. (|5aj) - ([5e)) . it is readily shown that In(t) is given by: 



i R {t) = r'pu + r> 22 + (r + v') P , 



+Vfr{e-^/ 2 Pl2 + e^' 2 p 2 i). (10) 

Substituting the stationary solution for p st of Eq. © 
into Eq. (|10[) . we can evaluate the stationary current /. 
In particular, we obtain analytical expressions for several 
magnetic- fluxes, ip: [x = n/T and 7 = T'/T) 



~~ I 2 (7+i)^ 2 r 

I (7+1)^+42^ 1 ' 



If = ±7T. 



(11) 



If T' = (7 = 0), the system reduces to a series-CQD, 
and, correspondingly, the stationary current becomes 



2a; 2 



1 + 4x 2 



(12) 



On the other hand, for a completely symmetrical parallel- 
CQD, r' = T (7= 1), we have 



l+x 



r, 



ip = and 2n 

(p = ±7T. 



(13) 



B. MacDonald's formula for shot noise spectrum 

The frequency-dependent shot noise spectrum with 
respect to the right lead can be defined in terms of 



P(") (t) using the standard technique based on MacDon- 
ald's formula: 20 



Sr(lj)=2lj / dtsin(ujt) 
Jo 



-Yn 2 P^\t)-2I 2 t 



In this formulation, the long-time linear behavior of the 
first term inside the square brackets on the right hand 
side is canceled by the latter term, 2I 2 t. Then the noise 
spectrum can be evaluated in the form 



with 



V{s) 



S R (u) = iw[P(iw)-V(-iu)], 

-st d 



J *e-|i: B »pW(*). 



(15) 
(16) 



Here, the stationary-current-related term of Eq. (fl4|) 
gives no contribution. 

To evaluate Sr(u>), we define an auxiliary function 
G ab (t) as 



(17) 



whose equations of motion can be readily deduced em- 
ploying the number-resolved QREs, Eqs (|5aj) - l|5e|) . in ma- 
trix form: 



G(t)=MG(t)+g P (t), 
with G(t) = (Goo, Gn, G 22 , G dd , G 12 ,G 2 i) T and 
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(19) 



With the help of the number-resolved QREs Eqs. (|5a|) 
(|5e|) . we find 

V(s) = (r , [2G 11 (s)+p u (s)]+r[2G 2 2(s)+p22(s)] 
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+ (T + T')[2G dd (s)+ Pdd (s)] 
+VfT {e-^ 2 [2G 12 ( S ) + p 12 (s)} 

+e^ 2 [2G 21 (s)+p 21 ( S )}}), 



(20) 



where G a b(s) and p a b{s) are the Laplace transforms of 
G a b(t) and p a b(t), respectively: 

/>oo 

G(pU(s)= / dte- st G(p) ab (t). (21) 
Jo 

Accordingly, we can readily evaluate p(s) by Laplace 
transforming its equation of motion, Eq. ([6]), with the 
initial condition, p(0) = p s t'. 



p(s) = {sI-M)- l Ps 



(22) 



Thus, applying the Laplace transform to Eq. (fT8|) yields 

G(s) = (sI-M)- 1 gp(s). (23) 

Substituting the Laplace transform solutions for G(s) 
and p(s) into Eqs. (|20p and (JT5J) , we can evaluate the 
noise spectrum. It should be noted that due to the in- 
herent long-time stability of the physical system under 
consideration, all real parts of the nonzero poles of p(s) 
and G(s) are negative definite. Consequently, the diver- 
gent terms of the partial fraction expansions of p(s) and 
G(s) at s — *■ entirely determine the long-time behavior 
of the auxiliary functions, i.e., the zero- frequency shot 
noise, Eq. (TJJ} at u = 0-±2 

Furthermore, according to the Ramo-Shockley 
theorem , 26 ! 27 the average current I c is given by 



I c (t) = aI L (t) + (3I R (t). 



(24) 



Here the coefficients a and (3, which satisfy a + (3 = 1, 
depend on the barrier geometry. For simplicity we take 
a — (3 — \. Considering charge conservation, 1^ = Ir + 

Q, with 



(25) 



as the total charge in the CQDfS we have 



I c (t)I c (0) = aI L (t)I L (0) + 0I R {t)I R (O) - a/3Q(t)Q(0). 

(26) 

Thus, the total noise spectrum is given by 

S(u) = aS L (uj) + /3S r (lu) - a[3u 2 S Q {Lo), (27) 

where Sl{oj) is the noise spectrum with regard to the left 
lead and Sq(lo) is the Fourier transform of the symmetri- 
cal charge correlation function. Generally, one can show 
that Sl(v) = Sr(lu) and calculate Sq(uj) as- 



S Q (u) = 2[Q(iuj) + Q(-iuj)], 



(28) 



with 



dte- st Q{t) 



Pii(s)+p2 2 (s) + 2p^(s). 



(29) 



Likewise, we evaluate the Laplace transform solution for 

P'( s ) = {Poo, Pit, P22, P dd , P12, P2xf with the associated 
initial condition, p'(0) = (0, pf*, p||, p% d , 0, 0) T , through 

p'(s) = (sI-M)- 1 p'(0). (30) 

Straightforwardly, we obtain analytical expressions for 
the frequency-dependent noise for several special cases. 
When r' = 0, i.e. for a series-CQD, we have (hereafter, 
we use u> to denote the normalized frequency lo/T) 



S r (uj) = S + Si(w) + 5 2 (w), 

4a; 2 (8a; 4 - 2a; 2 + 1) 
00 — — : — , o \ n 1 , 



(l + 4a; 2 ) 3 



(31a) 
(31b) 



2x 2 



-r, 



S 2 (uj) = - 



1 + Ax 2 uj 2 + 1 
lo 2 [{1 - 12x 2 )uj 2 + 80a; 4 - 40a; 2 + 1] 



(31c) 



[(w + 2x) 2 + l][(w - 2a;) 2 + 1] 
2x 2 

rr, (31d) 



(1 +Ax 2 f 



and 



Sq{u>) 



(31e) 



(I + Ax 2 )(u> 2 + 1) ' 

It can be obtained from Eq. (|31d|) that S(u>) has a peak 
at ui = 2x if x < 1, but a dip otherwise [see Fig. 1(a) 
below]. If r' = r (7 = 1), i.e. a CQD in a completely 
symmetrical parallel arrangement, we have 



S r (uj) = S + Si(u), 

So = r, 



-r. 



uj 2 + 16 

for = 0; and for ip = ±7r we obtain 

Sii(cj) = S + 5i(u;), 

x 2 (x 4 -x 2 + 2) 



So 



-r, 



(32a) 
(32b) 

(32c) 
(32d) 

(33a) 
(33b) 



(1+.T 2 ) 3 

S'i(cj) = x 4 lu 2 [(5 + x 2 )lu 4 + (60 - 28x 2 - 8x 4 )lu 2 + 16a; 6 
+64x 4 + 16a; 2 + 224]r(l + x 2 )~ 3 (w 2 + 4)" 1 
x{[(u - 2xf + 4][(w + 2a;) 2 + 4]}" 1 , (33c) 

4a; 2 

5 qH = 777 — 277 2 1 ( 33d ) 
(1 + ar)(w z + 4) 

The frequency-dependent part of the noise is thus 

l)cj 2 -20a; 2 (a; 2 - 2) - 4] 



S(uj) - S = 



j 2 [(3x 2 



[( w -2a;) 2 + 4][(w-|-2a;) 2 + 4] 

T 2 

r, (34) 



(1 + a; 2 ) 3 

which indicates that the noise spectrum exhibits an un- 
ambiguous dip only when x > 2 (this is different from 
the case of series-CQD revealed above). 
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IV. COULOMB REPULSION EFFECT ON 
FINITE-FREQUENCY SHOT NOISE 

This section is concerned with the effects of strong 
Coulomb repulsion (U = oo) on the noise spectrum in 
the case of an extremely large bias- voltage and zero tem- 
perature. In fact, the time-oscillatory current is no longer 
spatially translationally invariant at finite frequency due 
to a time dependent charge accumulation in the device. 
Coulomb interactions among electrons screen this ac- 
cumulation and therefore can significantly influence the 
noise spectrum^ 28 ' 29 

In this case, the probability for a double-occupation 
state completely vanishes, pdd — 0, and the correspond- 
ing number-resolved QREs are: 



■(") 
Pn 



•O) 
P22 



.(«) 
P12 



1 POO 1 Pll 



-IVfTie-^p^+e^p^), 



(35a) 
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(n) 



/TTe-^p^ IVrre^ip^+p^U^c) 



together with the normalization relation poo + Pn + P22 — 
1. The equation of motion for Pqq is the same as Eq. ([5a| . 

Following the same procedures as indicated in the pre- 
ceding section, we can evaluate the stationary current 



4( 7 + l)a; 2 
(7 + 1) 2 + 12a; 2 ' 



(36) 



noise spectrum for ip — ±7r are given by 

S R (u) = S + Si(u), 

4a; 2 (5a; 4 - 2a; 2 + 1) 

^0 — /-, , „ 1 J 



Si(u) 
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16a; 4 w 2 



(38a) 
(38b) 



r[(2 + x 2 )^ -I- (18 - 7x z - 8x 4 )u/ 



(1 + 3a; 2 ) 3 

+ 16x 6 + 12a; 4 - 64a; 2 + 52}[lo 2 (lu 2 - 4a; 2 - 8) 2 
+ (12x 2 + 4-5w 2 ) 2 ]- 1 , (38c) 

Sq(u) = ^^yr[(l + 2a; 2 V 4 - (3 - 6a; 2 + 16a; 4 V 2 

+32x 6 + 8a; 4 - 4.x 2 - A][uj 2 {uj 2 - Ax 2 - 8) 2 
+ (12x 2 + 4-5w 2 ) 2 ] _1 . (38d) 

In other cases, it is necessary to resort to numerical eval- 
uations (section V). 



V. NUMERICAL CALCULATIONS AND 
DISCUSSION 

In this section, we discuss our numerical calculations 
of the shot noise power spectrum, for both the noninter- 
actine (U = 0) and stronelv interacting (U — 00) cases. 
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and shot noise spectrum for the case of strong Coulomb 
blockade. Straightforwardly, we again obtain analytical 
expressions for frequency-dependent noise in several spe- 
cial cases. For a series-CQD, we have 



Sr(u) = Sq + Si(u), 

8a; 2 (80a; 4 - 8a; 2 + 1) 
oq — - „, „ 1 , 



(1 + 12a; 2 ) 3 
128a; 4 w 2 



(37a) 
(37b) 



r[(8 + 16x 2 )w 4 



(l + 12a: 2 ) 3 
+ (18 - 28a; 2 - 128a; 4 )w 2 + 256a; 6 + 48x 4 
-64a; 2 + 13][w 2 (2w 2 - 8a; 2 - 4) 2 
+ (1 + 12a; 2 - 5uj 2 ) 2 }'\ (37c) 

1 f)T 2 

r[4u; 4 -(5 + 32a; 2 V 2 + 64a; 4 



+28a; 2 + 3l[a/(2u; 2 - 8x 2 - A) 1 

+ (l + 12a; 2 -5w 2 ) 2 ]- 1 . (37d) 



In the case of a symmetric parallel-CQD, V = Y, the 



FIG. 1: (Color online) Fano factor, F = S{u)/2I, vs. fre- 
quency, lu/Y, in a series-CQD for several values of dot- dot 
hopping strength, Q/T = 1/8, 1/4, 1/2, 1, and 2, in the cases 
of absence of interdot Coulomb repulsion U — (a) and of 
strong Coulomb repulsion U = 00 (b). 

To start, we examine the noise spectrum of a series- 
CQD as it depends on increasing dot-dot hopping 
strength. The frequency-dependent Fano factor, F = 
S(lo)/2I, is plotted as a function of normalized frequency 
uj/Y in Figs. Q]and[H Two rates are of essential impor- 
tance in determining the noise spectrum: the rate of elec- 
trons entering into the system from the electrodes or its 
escape rate from the system, Y; and the rate of coherent 
hopping between the two QDs, because electrons inside 
the system shuttle between the two QDs at a frequency 
ft. In the case of low hopping strength, ft/T < 1, when 
an electron from the left lead is injected into the first QD, 
no further electrons can enter this QD until this electron 
transfers to the second QD with a quite long time scale, 
ft , for this removal process. Thus, in this slow hopping 



limit, increasing f2 can enhance the transmission proba- 
bility of an electron entering into the second dot, and 
thus reduce the zero-frequency shot noise (Fig. [I]). As 
the frequency u> increases, the electron inside the first 
QD has a greater opportunity to instantly tunnel into 
the second QD, which enhances the shot noise. Conse- 
quently, the noise spectrum exhibits a nonzero-frequency 
peak as shown in Fig. [TJ While, for high values of hop- 
ping strength, fl/T > 1, the electron has a relatively 
high probability to enter into the second QD (once it is 
injected into the first QD from the left lead), it is also 
true that the electron also has high probability to return 
back to the first QD from the second QD periodically at 
a frequency 2£1 (the Rabi frequency), before it escapes to 
the right lead, which takes place on a relatively long time 
scale determined by The rapid return of the elec- 

tron to the first dot blocks the entry of another electron 
into the dot, leading to a suppression of noise at lj = 2Q 
in the absence of interdot Coulomb repulsion, as shown 
in Fig.QJa) and^a). Similar noise properties were found 

in previous studies for a coupled double well structure 3 
r,„^i r™, „ r<r\r\ 6 
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FIG. 3: Noise spectrum for the right lead, Sr(lj)/2I, the 
charge correlation noise spectrum, Sq(ui)/2I, and the Fano 
factor, F = S{u)/2I, vs. frequency, uj/T, for a parallel-CQD 
with f2/r = 4, r'/F = 1 and a magnetic-flux p = tt, in the 
cases of absence of interdot Coulomb repulsion U = (a) and 
of strong Coulomb repulsion U = oo (b). 
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FIG. 2: Noise spectrum for the right lead, Sr(cj)/2I, the 
charge correlation spectrum, Sq(uj)/2I, and the Fano factor, 
F = S(lu)/2I, vs. frequency, to/T, for a series-CQD with 
fi/r = 4 in the cases of absence of interdot Coulomb repulsion 
U = (a) and of strong Coulomb repulsion U = oo (b). 

Interestingly, we find that strong interdot Coulomb re- 
pulsion also plays a crucial role in determining noise. In 
Figs. [T^b) andfJIb), the noise spectrum exhibits a peak 
at oj — 2il for the system with strong dot-dot hopping 
and infinite Coulomb repulsion, instead of a dip for the 
system without interdot Coulomb repulsion. A similar 
Coulomb interaction effect on the noise spectrum was 
also reported for a single QD connected to two ferromag- 
netic electrodes. 8 For the sake of comparison, we also 
plot the noise spectrum for the leads, Sr(uj)/2I, and the 
charge correlation noise spectrum, Sq(ui)/2I, in Fig. [5] 
It is evident that Coulomb repulsion mainly influences 
noise in the leads, and it reduces the charge correlation 
spectrum by nearly a factor of 2, but has little effect on 
its shape. 

Moreover, strong dot-dot hopping strength, fl, com- 
bines the two dots rather tightly, and thus the CQD 
behaves much more like a single QD. As a result, the 
zero-frequency shot noise reduces to the result of a sym- 



We have also examined the quantum interference effect 
between the two distinct pathways of a CQD in a parallel 
arrangement on the noise power spectrum. We plot the 
frequency-dependent noise spectra for a completely sym- 
metrical CQD interferometer (7 = 1) with x = fl/T = 4 
at the magnetic-flux if — tt, in Fig. [3] It is evident from 
Fig. [3] that the noise spectrum of a parallel-CQD has 
similar properties as that of a series-CQD, i.e., has a dip 
at the Rabi frequency, in the absence of Coulomb inter- 
action; but (2) it is different from a series-CQD in the 
presence of strong interdot Coulomb repulsion, i.e., it 
still exhibits a dip at the Rabi frequency. 

To explore the quantum interference effect more fully, 
we analyze the noise spectrum as it depends on increasing 
tunneling strength, V , of the additional pathway. Figure 
|4] exhibits our numerical results for noise spectra with 
magnetic-fluxes, (p = and tt, including the cases of no 
Coulomb repulsion and of strong Coulomb repulsion. It 
is clear that (1) increase of tunneling strength of the addi- 
tional path branch continuously decreases the dip of the 
noise spectrum at u) = 2Q if ip = 0, while it continuously 
widens the dip if cp = tt for a system with no Coulomb 
repulsion [Figs. BJa) and (b)]; (2) the combined effect 
of strong Coulomb repulsion and full interference gives 
rise to substantially enhanced zero-frequency noise, as 
pointed out previously in the absence of magnetic-flux^ 
but it decreases very rapidly to sub-Poissonian values at 
finite frequencies, and also its peak at ui = 2Q is gradu- 
ally suppressed by the interference effect [Fig. Hfc)]; and 
(3) the noise spectrum exhibits a transition peak-Fano- 
type structure-dip with increasing tunneling strength of 
the additional path branch for ip — tt [Fig. 0Jd)] . 

Finally, we exhibit the magnetic-flux dependence of the 
noise spectrum at ui — 2fl (Fig. [S]) . It is evident that the 
noise spectrum is a periodic function of magnetic-flux, 
and the effect of strong Coulomb repulsion is to vary the 
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FIG. 4: (Color online) Fano factor, F = S{u)/2I, vs. fre- 
quency, tj/r, for a CQD with Q./Y = 4 in the cases of absence 
of interdot Coulomb repulsion U — (a,b) and of strong 
Coulomb repulsion £/ = oo (c,d), as well as with different 
magnetic- fluxes, ip = (a,c) and ip/-n = 1 (b,d) for several 
values of additional tunneling strengths, T'/r = 0, 0.1, 0.2, 
0.5. and 0.8. 



0.5^— 

V 

0.4 \ 



; > u=o / \ 



S °' 3 ^ : H;< M t 

0.2 \*.<y \.y \>,y 




period of the noise spectrum from 2ir to 47r. 

VI. CONCLUSIONS 



In summary, we have analyzed the frequency- 
dependent current noise for coherent resonant tunneling 
through a CQD-AB interferometer in the case of an ex- 
tremely high bias- voltage and zero temperature by means 
of number-resolved QREs and MacDonald's formula. 
Our attention has been focused on the role of coherent 
dot-dot hopping as well as on the interference effect be- 
tween two distinct path branches involving magnetic-flux 
dependence, and also on inter-dot Coulomb repulsion ef- 
fects. We have derived explicit analytical expressions for 
noise power spectrum of a series-CQD and of a com- 
pletely symmetric parallel-CQD for specific magnetic- 
fluxes, if = 7T, in both cases of no inter-dot Coulomb 
interaction and of infinite inter-dot Coulomb repulsion. 
Our numerical calculations have shown that (1) in ab- 
sence of Coulomb interaction, the noise spectrum of a 
series-CQD has a peak at the Rabi frequency for weaker 
dot-dot hopping, Q/T < 1, but becomes an unambiguous 
dip for stronger dot-dot hopping, f2/r > 1; (2) it always 
exhibits a peak due to Coulomb repulsion; and (3) this 
peak can gradually become a dip again for a parallel- 
CQD due to variation of interference pattern by tuning 
enclosed magnetic-flux. 
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